The paper described a new micromachined reflectiontype variable attenuator (VOA), which uses an elliptical mirror as the moveable reflector. It has superior performance as compared with the conventional flat-mirror reflection-type VOAs and shutter-type VOAs. This design assembles the input and output fibers at the two foci of the reflective elliptical mirror. As the input light will be automatically focused to the output point, the VOA has low insertion loss at normal single mode fibers without any further collimating equipment. Once the mirror is displaced, the input beam is rapidly dcfocused, and a large attenuation can be achieved therefore. The VOA also has IOW polarization dependence loss (PDL), low wavelength dependence loss (WDL) and low back reflection. Moreover, this VOA presents the relationship between the mirror displacement and the optical attenuation is almost linear.
INTRODUCTION
The introduction of the fiber-optics technique brought the communication world to a new age. The inevitable evolution of wavelength division multiplexing (WDM) systems from point-to-point links to highly structured and flexible network architectures, which employ more channels, lead to the existence of a broad range of optical powers within these systems.
Variation in optical power due to differences in active channel power and optical amplifier gain may be addressed by use of a variable optical attenuator (VOA). On the other hand, along the communication transmission, signal repeaters and amplifiers are necessary but these components often associate with wavelength dependencies. The output optical power varies over different wavelength channels and affects the ovcrall signa1 delivery. This can also be compensated by the usage of the VOAs on corresponding channels. The overall power can be equalized such that the transmitted content highly resembles the original as it reaches the destination. Control of these differing optical power levels becomes an important factor in the reduction of subsequent transmission errors due to effects such as detector saturation or inter-channel crosstalk. It may therefore be concluded that the VOA will play a key role in future advanced WDM systems.
During the past decade, the trend of miniaturization has led to the new discipline that is well known as micro-electro-mechanical systems A preferred VOA would be reflection-type but Gas low IL and large tuning range while using only the normal fibers. For this purpose, we propose a reflection-type VOA using an elliptical mirror as the reflector. It is electrostatically actuated because it has an advantage of low power consumption over other methods like electromagnetic and thermal actuation. Figure 2 illustrates the concept of the proposed MEMS VOA, which uses the focusing property of an ellipse. When an incident light passes through one of the foci of the ellipse, it will pass through the other focus after a single bounce. Therefore, when an elliptica1 mirror is used as the reflector, the rays originated from one of the foci can be fully directed to the other.
MEMS VOA DESIGN
In our arrangement, the input fiber and the output fiber are positioned at the foci of the elliptical mirror separately; therefore, the IL can be as low as 1 dB even with the normally-cleaved single mode fibers (SMFs). For this reason, lensed fibers or other collimating lenses are not necessary, which simplifies the packaging issue and reduces the cost. On the other hand, once the elliptical mirror is displaced, the rays are rapidly out of focus. In that case, part of the light from the input fiber will not reach the core of the output fiber, and large optical power attenuation can be achieved with a small mirror displacement. In other words, only a low driving voltage is required for the large attenuation range. Since this VOA is rcflectiontype, it should have low WDL and low PDL.
Furthermore, the back-reflection is also limited as the input and out are not co-axially positioned. A scanning microscope (SEM) view of the MEMS VOA is shown in Fig. 3a . The VOA is based on a MEMS, chip. It consists of a movable mirror on a silicon substrate and the electrostatic on-chip combdrive microactuator. A voltage applied to thc MEMS chip causes the mirror to move, which changes the coupling of light between the input and output fibers of the MEMS attenuator. A microscopic photo of the packaged VOA is shown in Fig. 3b . The proposed MEMS structures are fabricated on a silicon-oninsulator (SOI) wafer using deep reactive ion etching (DRIE) process [9] , which provides better flatness and quality that are required in attenuators fabrics. The gold-coated mirror is a part of the ellipse with 150 mm and 106 mm for its major and minor axes, respectively. Meanwhile, the design height of the mirror is high enough to effectively cover the beam waist of the incident light from the input fiber. In the assembly, two normal SMFs are aligned in the fiber grooves. Meanwhile, these two fibers arc positioned separately at the two focal centers of the mirror, with their core axes aligned orthogonally to guarantee high coupling efficiency and easy assembly. The comb-drive is used to control the mirror displacement. As the movement of the mirror is along the axis of the input fiber, its displacement creates a misalignment between the coupled fibers to produce the attenuation.
According to the design method, initially positioned mirror (no driving voltage is applied) will couple the light to its maximum intensity by placing the input and output fibers at the two foci. As the mirror moves away from the initial position, the coupled light intensity decreases and results in certain attenuation. The PDL is measured at different attenuation levels (at wavelength of 1550 nm) as shown in Fig. 4 . It can be seen that over the entire range of 44 dB attenuation, the PDL remains below -0.8 dB, although the PDL is a little bit high at high level attenuation level (e.g. 30 dB). Especially, during the first 15 dB attenuation, the PDL vibrates around 0.3 dB. Between the levels of 15 dB to 25 dB, the PDL appears a trend o f fast increase. Then, it settles at the level of 0.8 dB over the rest attenuation range (from 25 dB to 44 dB). The MEMS VOA is electrostatically actuated. The attenuation characteristic of it is measured, as shown in Fig. 4 . An increasing voltage is applied across the comb-drive and light intensity is measured. Note that, at the initial position, the coupled lights intensity reaches its maximum level, corresponding to an insertion loss o f 1.0 dB. When the driving voltage is increased, the reflective mirror moves away, and the attenustion increases accordingly. The maximum attenuation measured is about 44 dB at 10.7 V. It is observed that this specially designed VOA has an almost linearly disphcement-attenuation relation upon to an attenuation level of 30 dB. Compared with the strong nonlinearity in most of the other VOAs, the linearity is a special advantagc of using the clliptical mirror. This feature will make the VOA control schcme and power management setups of the optical networks simpler. For fiber-optic applications, it is highly desirable that a VOA has a broad bandwidth over the whole spectral range. To investigate the wavelength dependency, an AND0 light source and an optical spectrum analyzer were used. Figure 5 shows the WDL of the VOA. The attenuation variations from wavelength 1520 nm to 1620 nm was measured at 5, 15, 20 dB respectively, and it is noticed that the deviation increases gradually. The spectral flatness of the attentiation suggests that the attenuation of our VOA is rather insensitive to wavelength over the Chand within the attenuation level is lower than 20 dB. The dynamic response of the MEMS VOA to pulse shaped desired attenuation level is shown in Fig.   7 . It is noted that when the driving voltage is 9 V, the attenuation level is around 24 dB. The rising time and falling time are about 0.1 ms and 0.3 ms respectively. The performance of the MEMS VOA is summarized in Table 1 . We have designed and fabricated an efficient reflection-type MEMS VOA with an elliptical micromirror actuated by a comb-drive actuator. The VOA achieves an attenuation of 44 dB with a driving voltage of 10.7 V. By employing normal SMF, this design offers high coupling efficiency and easy assembly with low IL. Additionally, the attenuation is almost linear with the mirror displacement over an attenuation range of 30 dB. The structure shows that the PDL is only 0.5 dB when the attenuation is lower than 20 dB. The WDL is less than 1.0 dB over the wavelength range of 1520 nm ~ 1620 nm at the 20 dB attenuation level.
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